ABSTRACT During a 3-yr study, we investigated the effects of grapevine, . .tb ofnifera L., irrigation management on the abundance of the western grape leafhopper, Erythroneura elegantula Osborn and a variegated grape leafhopper, E. uarfubtlb kamer, at two locations in the San Joaquin Valley of California. Irrigation treatments ranged from 40 to 120% replacement of the expected nonstressed crop evapotranspiration (ET,). Densities of both species were significantly lower on vines in the low irrigation treatments (0.4, 0.6, and 0.8 ET,), than on vines that received maximum water allotments (1.0 and 1.2 ET,). Leafhoppers tended to be more numerous on the shaded side of the vines than on the sunlit side. E. elegantula attained a maximum average density of 15 nymphs per leaf at Westside in 1984, whereas a maximum of 23 nymphs per leaf was recorded for E. oartahilis at Kearney. There was greater variation in leafhopper densities in response to irrigation treatments at Westside than at Kearney, an effect believed to be the result of differential water holding capacities of the respective soils at each location. Restricted available water can affect vine water status and alter characteristics of the microenvironment, including canopy temperature and humidity. Both transient and long-term irrigation effects can contribute to fluctuations in leafhopper abundance.
In the central Sari Joaquin Valley of California, an arid to semiarid region, 'Thompson Seedless' grapes, Vitis vlniferu L., are irrigated on a regular basis throughout the growing season. Being susceptible to several insect and mite species, grapes represent a suitable crop for the study of irrigation effects on arthropod population dynamics.
Of the insects and mites that infest grapes in the San Joaquin Valley, the western grape leafhopper, Erythroneura eleguntulu Osborn has been the most common pest (Jensen & Flaherty 1981 , Kid0 et al. 1984 . By 1980, however, the San Joaquin Valley had been invaded by a variegated grape leafhopper, E . ouriubiZis Beamer from Southern California (Kido et al. 1984 , Pickett et al. 1987 . Although both species cause loss of photosynthate and occasional defoliation, damage from E. ouriubilis is potentially more severe (Settle et al. 1986 ). Leafhoppers also cause extensive damage to table grapes, in the form of honeydew excretion, whikh stimulates the growth of mold, producing dark spots on leaves and berries. Because of the cosmetic problem, grapes destined for the table grape market have relatively low tolerance for leafhoppers (Jensen & Flaherty 1981) . Thus, leafhoppers represent an important and continuing economic problem in the San Joaquin Valley.
Leafhoppers have been observed in greater abundance on vigorous, adequately watered grapevines than on poorly watered vines and are believed This article is the copyright property of the Entomological Society of America and may not be used for any commercial or other private purpose without specific written permission of the Entomological Society of America.
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ENVIRONMENTAL ENTOMOLOGY Vol. 19, no. 6 to favor the cooler, shaded sides of the vine, over the hotter, sunlit sides (Jensen & Flaherty 1981) . The objective of this investigation was to study the effect of differential levels of applied water on the population dynamics of leafhoppers on grapevines in the San Joaquin Valley. We also address the effect of canopy shading, and regional differences on the impact of irrigation management on leafhopper abundance.
Materials and Methods
Experimental Design. Our study was undertaken as part of an interdisciplinary project. A companion study used the same plots and experimental design and focused on the effect of irrigation management on grapevine water balance, vegetative growth, and yield (Williams & Grimes 1987 , Grimes & Williams 1990 Williams (1990) .
Irrigation treatments were based on potential evapotranspiration (ET,) calculated with a modified Penman equation (Snyder et al. 1985) . Meteorological data were collected at a weather station 50 m from the experimental plots at Westside, and another station 200 m from the plots at Kearney. Data from each climatic station were also used to calculate cumulative degree-days (DD) from 1 January of each year, based on a minimum developmental threshold temperature of 10.3OC, recorded for the grape leafhopper (Cate 1975) . The amount of water applied to grapevines (W,) was calculated using equation 1.
where K, is the crop coefficient (K, = ET,,,/ET,) appropriate for 'Thompson Seedless' in the San Joaquin Valley, ET,,, is the actual measured rate of evapotranspiration for nonstressed grapevines, and TF is the desired treatment factor or level (Grimes & Williams 1990) .
Irrigation levels (W,) at Westside were 0.4, 0.8, and 1.2 times potential evapotranspiration, ET, (= ET, x KJ, where 1.0 ET, is equivalent to 100% replacement of the expected nonstressed evapotranspiration for grapevines. Treatments consisted of the three irrigation levels by two water cutoff dates (mid-July, early cutoff, and mid-August, normal cutoff), replicated three times in a randomized complete-block design, for a total of 18 plots, each measuring three rows (3.0 m wide per row) by 22 m. Irrigation treatments at Kearney consisted of five irrigation levels (0.4,0.6,0.8, 1.0, and 1.2 ET,) replicated three times in a randomized completeblock design, for a total of 15 plots, each measuring three rows (3.7 m wide per row) by 63 m. Cutoff for all treatments at Kearney corresponded to the normal (mid-August) cutoff at Westside. Experimental design and plots were unchanged throughout the duration of the 3-yr study.
Monitoring Leafhoppers. Leafhoppers were monitored in each plot approximately every week from the start of the sampling period, during each season from 1984 through 1986. In 1984, sampling took place from 9 July through 29 August at Westside, and from 13 July through 20 September at June to 30 October at Westside, and from 17 June to 30 October at Kearney. During 1985 and 1986, one shoot was chosen from each of the basal, middle, and terminal areas of one vine from each plot. One leaf each was sampled from the basal, middle, and terminal areas of each shoot. This procedure was repeated for each side of the vine, for a total of 18 leaves sampled per replicate, on a given sample date. Leaves were examined in the same manner as in 1984.
Statistical Analysis. The effect of the irrigation treatments on leafhopper density was addressed through analysis of variance (ANOVA) using SAS statistical packages (SAS Institute 1985) . Analyses were performed with regard to the experimental design and were conducted separately for each location and individual yeas. For Westside and Kearney, leafhopper density was averaged across all sampling dates; for Westside, data were additionally analyzed for the time period up to the early cutoff date. Statistical significance was designated at a = 0.05. If ANOVA indicated significant effects, Tukey's multiple comparison test was used to determine significant differences among treatments at P < 0.05 (Tukey 1953) .
Linear regression was used to contrast the relationship between the amount of applied water and leafhopper abundance, Because applied water at Westside involved cutoff date, total seasonal a p plied water (W,) for each treatment was used in December 1990 , the regression analyses of data from each study site.
Results
Westside 1984. At the 1.2 ET, irrigation level with normal water cutoff, leafhopper densities peaked at 14.8 nymphs per leaf, in contrast to 8.8 per leaf on vines with an early water cutoff (Fig.  1A) . Early cutoff occurred shortly after the first sample date, and thus, significant treatment effects relate to conditions that existed after the early cutoff. In general, vines that received abundant water had higher numbers of E. elegantula than those that received reduced levels of water ( Fig. 2A) . A significantly greater average number of E. elegantula was recorded at 1.2 ET, (5.7/leaf) than at 0.4 ET, (1.5/leaf) (F = 19.40; df = 5,70; P = 0.OOOl).
Effect of cutoff date was most dramatic on the east side of the row at 1.2 ET,, with an average of 6.2 nymphs per leaf in the normal cutoff treatment, versus 4.0 per leaf in the early cutoff treatment ( Fig. 2A) . Maximum difference in the average number of E. elegantula occurred on the east side between 1.2 ET,-normal cutoff (6.2/leaf) and 0.4 ET,-early cutoff (O.g/leaf). Differences in density of E. elegantula between irrigation treatments were more dramatic on the east side than the west side of the vines ( Fig. 2A) .
Westside 1985. Although density of E. uariahlis peaked higher, cumulative numbers were greater for E. elegantula (Fig. 1B) . Whereas E. uariubtlis exhibited a single distinct peak at 1650 DD, E. elegantula produced three population peaks, suggesting three separate broods between 500 and 2000 DD. During the second peak, significantly greater numbers of E. elegantula were observed on the east side than on the west side of the vines. In some samples at 1.2 ET,, the density of E. elegantula was higher in the normal, than in the early water cutoff treatment before the cutoff occurred (Fig.  1B) . However, the effect of early cutoff across the three irrigation levels (0.4, 0.8, and 1.2 ET,) and all sample dates was not significant before early cutoff, suggesting that. major differences in leafhopper densities developed after the early water cutoff.
In 1985, E. uariabili,y showed a positive response to greater amounts of applied water (Fig. 3) Fig. 2. est differences occurred between 1.2 ET,-normal cutoff and 0.4 ET,-early cutoff.
Greater densities of E. elegantula were associated with the higher levels of applied water (Fig.   2B ). Density of E. elegantula, averaged across east and west sides, was significantly higher on vines at 1.2 ET,-normal cutoff (SO/leaf) than in any other treatment (F = 36.41; df = 5, 160; P = 0.0001).
Tukey 's multiple comparison test showed that normal cutoff vines at 1.2 and 0.8 ET, had significantly more E. elegantula nymphs (SO/leaf and 2.4/leaf) than early cutoff vines (1.4/leaf and 1.3/leaf), a trend that was not observed at 0.4 ET,. E. elegantula was consistently more abundant on the east side than on the west side of the vines (Fig. 2B) .
Westside 1986. Only a single peak was observed for each leafhopper species, between 1250 and 1520 DD (Fig. 1C) . These peaks correspond to the single peak of E. variabtlis and the second peak of E. elegantula, observed the previous season. Although not significant across all three irrigation levels and precutoff dates, in two samples at 1.2 ET,, density of E. elegantula was again higher in the normal cutoff, than the early cutoff treatment, before the early cutoff date (Fig. IC) .
Densities of E. variabtlis and E . elegantula were low for all treatments at Westside in 1986, and ranged from 0.2 to 0.5 E. varialrllis per leaf and 0.3 to 0.7 E. elegantula per leaf. Low numbers of leafhoppers were associated with relatively large variances, and resulted in no significant irrigation effect on either E. varialrllis or E . elegantula pop ulations.
Kearney 1984. Density of E. variabtlis at Kearney was dramatically higher than that of E. eleguntula throughout the sampling period in 1984. Two E. variabtlis population peaks were apparent, suggestive of second and third broods (Fig. 4A ).
Greater density of E. variabtlis was consistently observed on the north side than on the south side of the vines, from 2100 DD until the end of the sampling period, across all treatments (Fig. 5A) . However, the abundance of leafhoppers was not consistently proportional to irrigation levels, with the highest average density of E. variabilis occurring at 0.8 ET,. Density of E . elegantula was too low for treatment effects to be detected.
Kearney 1985. E. variablis was again more abundant than E. elegantula in 1985 (Fig. 4B ).
However, three peaks (rather than two in 1984) were observed. This difference suggests that the first peak, which appears to occur around 750 DD, was missed in 1984 because it occurred before sampling began. Density of E . variabtlis at Kearney was dramatically higher (17-20/leaf) than peak densities of E . elegantula at Westside (6-8/leaf). The highest density of E. varkzbtlis occurred at 1.0 ET,. There was a greater variation in density in response to irrigation treatment on the north facing side, than on the south side of the vines, although except at 1.2 ET,, average densities were higher on the south side (Fig. 5B) , On the north side, densities were significantly higher at 1.2 and 1.0 ET, (10.2 and 11.8/leaf), than at 0.4 ET, (7.41 leaf) (F = 8.97; df = 4, 128; P = 0.OOOl). On the north side there were fewer E. elegantula at 0.4 ET, than at any other irrigation level, a difference not observed on the south side.
Keamey 1986. Consistent with 1984 and 1985, the density of E. variabtlis was significantly higher than those of E. elegantula throughout the 1986 sampling period at Kearney (Fig. 4C) , although peak densities of E. oarlablis in 1986 were lower than in the previous two years. {Three peaks of E. variubilis occurred in 1986, although the timing was not consistent with 1985. As with Westside, low leafhopper densities and high variability resulted in no significant irrigation effects on either species.
Regional Effects. During each of the three years, E. uardablis was consistently more abundant than E. elegantula at Kearney. Conversely, E. elegantula was generally more abundant than E. uarla&lis at Westside, although the magnitude of this difference was not as great. Because of low abundance of leafhoppers in 1986, only data from 1984 and 1985 were useful in relating the effect of irrigation management on leafhopper density. Regression analysis of average number of nymphs per leaf as a function of total applied water (W,) resulted in a better function for Westside than for Kearney ( Fig. 6 and 7 ). Regressions were significant for E. uariabilis at Westside in 1985 (rB = 0.99, df = 5, P < 0.001), and for E. elegantula irrigation water to grapevines, when compared with poorly irrigated or nonirrigated vines (Freeman et al. 1979 , Kliewer et al. 1983 , Matthews et al. 1987 , Williams & Grimes 1987 , Grimes & Williams 1990 ). Because vines usually grow more vigorously under irrigated than nonirr igated conditions, it has been suggested that shoot elongation could be used as a criterion for timing of irrigations (Vaadia & Kasimatis 1961). Water deficits have been shown to accelerate the development of periderm (wood ripening) in grapevines, as well as to reduce the dumber of nodes per shoot (Matthews et al. 1987) . In all reported cases, extended vegetative growth and vigor have been positively associated with increased amounts of applied water.
Evidence from a companion study documented a positive relationship between increased vegetative growth and increased applied water, especially at 1.0 and 1.2 ET, (Williams & Grimes 1987) . Shoot elongation, thus vine vigor and leaf succulence, continued longer into the season at high W, levels (1.0 and 1.2 ET,) than at low levels (0.4-0.8 ET,). Leaf water potential (@L) was proportionately higher (less negative) in vines at high irrigation levels, than low (Le., 1.2 : -0.8 > 0.4 ET,), suggesting that leafhoppers, which were more abundant in treatments that received maximum water allotment (Le., 1.2 ET,), favored vines with high !Vu Water stress is believed to increase the avail- ability of nitrogen and carbohydrates such as soluble sugars, which increases the phagostimulatory characteristics of the plant (Bernays & Chapman 1978 , Haglund 1980 . However, these changes are also associated with decreased food supply, producing conflicting results. Our data do not support increased attraction by leafhoppers for waterstressed vines. Water stress could increase the concentration of allelochemicals and thus reduce the digestibility of the plant (Rhoades & Cates 1976) .
The plant microenvironment is also influenced by water status (Holtzer et al. 1988 ). Long-term water stress can reduce the volume of the canopy, or leaf area index (LAI), while transient water stress can cause increased temperature and decreased humidity, following closure of the stomata (Holtzer et al. 1988) . Adequately watered grapevines exhibited more vigorous vegetative growth and cooler canopies than poorly watered vines (Williams & Grimes 1987) . Cooler canopy temperature in the high irrigation range (1.0-1.2 ET,) could have contributed to greater densities of leafhoppers there, than on vines in the low irrigation range (0.4-0.8 ET,) .
Although there were some exceptions, such as E. uuriubilts at Kearney in 1985, leafhoppers in the high irrigation treatments appeared to favor the more shaded areas of the vine (i.e, north & east sides), over those sides less protected from the sun.
North and east sides of vines tend to be better shaded, and thus, cooler in the high irrigation than low irrigation treatments. In a prolonged water deficit condition, temperature, moisture, and light gradients probably do not develop sufficiently to stimulate a preference by leafhopper adults. Presumably, leafhoppers lay more eggs in their preferred areas (north and east sides), which leads to higher densities of nymphs in the more shaded parts of the vine. Irrigation treatments were applied to the same plots, and the same vines, for three consecutive years. Consequently, effects of irrigation treatments could be compounded from one year to the next. Early water cutoff can be considered a longterm water deficit effect, as expressed in vine vigor the following year. Reduced vigor and vegetative growth in vines exposed to early cutoff treatments the preceding year could explain why slightly higher numbers of E. elegantula were observed in the normal water cutoff, than in the early water cutoff treatment, before the early cutoff occurred in 1985 and 1986.
Regional Effects. The effect of irrigation management on leafhopper abundance was more evident at Westside than at Kearney. We suspect that variation in irrigation effects between the two experimental sites was primarily due to differences in soil characteristics. These two locations differ markedly in soil type, which can influence the amount of water available to the vines. Gratten et al. (1989) point out that available water is dependent on the degree to which the soil gives it up, which is a function of pore size distribution. Small particles with small pore sizes hold water more tenaciously and give up water less readily than large particles. The clay loam soil at Westside, characterized by small pore size, exhibited greater water-holding capacity, and greater variation in the abundance of leafhoppers on grapevines than the sandy loam at Kearney. Williams 81 Grimes (1987) stated that grapevine vegetative growth at Kearney was not as responsive to irrigation as at Westside, suggesting that it is more difficult to induce severe water stress at Kearney than Westside.
The relationship between applied water and leafhopper density appeared linear within the irrigation range tested. However, this function varies from year to year and is apparently affected by the water-holding characteristics of the soil. Although it is difficult to predict future leafhopper densities, we can estimate the relative effect of different irrigation treatments on leafhopper abundance.
At Westside, early water cutoff at 1.2 ET, resulted in greater average yield than 0.8 ET, at the normal water cutoff date (Williams & Grimes 1987) . Although maximally reducing leafhopper densities, low levels of applied water (i.e.. 0.4-0.8 ET,) are incompatible with agronomic practices geared to optimizing yield. However, both species of leafhoppers were significantly less abundant at 1.2 ET,-early cutoff than normal cutoff, which could be important, because a major brood peak typically occurs after an early cutoff date around 1400 DD.
Investigators have observed that excessive water (Le., 1.2 ET,-normal cutoff) tends to stimulate greater levels of grape and vine diseases, than do early cutoffs, as well as delaying ripening (Christensen 1959 , Smart & Coombe 1983 . Christensen (1975) observed some drop in average berry weight associated with water cutoff in early July. A later "early cutoff" around middle to late July could minimize this effect. Thus, an irrigation level of 1.0 ET,, combined with an early cutoff date in late July, seems to be a satisfactory compromise between an optimal level of water for high yield, and one that should adequately contain disease and leafhopper infestations at or below economic levels.
